Further functional imaging techniques other than functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) are needed to advance the field of neuroscience. Optical imaging of the brain is highly desirable because it is a functional approach [1] [2] [3] [4] [5] . Its advantage over fMRI is that optical contrast can be used to assess simultaneously both oxy-and deoxyhemoglobin 6, 7 and can also detect intracellular events related to neuronal activities with a fast and direct response to stimulation 2, 8 . Pure optical imaging, however, has significant drawbacks: transcranial imaging has poor spatial resolution as a result of the overwhelming scattering of light in biological tissues 8 , and invasive open-skull imaging has no depth resolution [9] [10] [11] [12] .
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Photoacoustic tomography (PAT) in biological tissues [13] [14] [15] [16] [17] [18] [19] overcomes the resolution disadvantages of pure optical imaging and the contrast and speckle disadvantages of pure ultrasonic imaging 20 . Here we report the development of a PAT technique, based on contrasts in optical absorption (also called optical energy deposition), for functional imaging of the brains of small animals in vivo. We used this to visualize brain structure, brain lesions, cerebral hemodynamic responses to hyperoxia and hypoxia, and cerebral cortical responses to neural activities induced by whisker stimulation in rats. We show that (i) structural PAT of soft tissues, including lesions in the rat brain, provides high intrinsic contrast, (ii) functional PAT based on intrinsic optical signals can be used to map the functional organization of the cerebral cortex and (iii) in contrast to earlier optical methods, this technique allows completely noninvasive transdermal and transcranial neuroimaging at high spatial resolution with the skin and skull intact.
RESULTS

PAT system for noninvasive imaging of the rat brain in vivo
To produce photoacoustic waves-based on laser-induced thermoelastic expansion 21, 22 -efficiently in biological tissues, a short laser pulse is required. A Q-switched Nd:YAG laser ( Fig. 1 ) was adopted to provide 532-nm laser pulses with a full-width half-maximum (FWHM) value of 6.5 ns. The laser beam was expanded and homogenized to provide an incident energy density of <10 mJ/cm 2 on the skin of the rat head, which induced an estimated <20 mK temperature increase in the skin. The distribution of optical absorption in the brain tissues generated proportionate photoacoustic waves, which were coupled into a high-sensitivity, widebandwidth (88% at -6 dB with a center frequency of 3.5 MHz) ultrasonic transducer (V383, Panametrics) through the water in the assay tank. The transducer, driven by a computer-controlled step motor to scan around the rat head, detected the photoacoustic signals in the imaging plane at each scanning position. The transducer was cylindrically focused with a focal diameter of ∼1 mm, which determines the spatial resolution along the z-axis. A pulse amplifier (500 PR, Panametrics) received the signals from the transducer and delivered the amplified signals to a digital oscilloscope. Finally, a computer collected the digitized photoacoustic signals to reconstruct the distribution of optical absorption within the sample 23 , which determines the resolution in the x-y imaging plane.
Image reconstruction
For the photoacoustic effect in our system, heat conduction can be neglected because the duration of the laser pulse is much shorter than the thermal diffusion time 21 . Our recent development of an accurate reconstruction algorithm 23 , and the configuration of the laser illumination relative to the acoustic detection plane in combination with full-view detection of the imaging cross-section, were crucial elements in the development of our approach. For cases where the scanning radius in a circular scan configuration is much greater than the photoacoustic wavelengths (which was true in our experiments), the optical absorption, A(r), within the sample at a given position r is
where C p is the specific heat, v s is the acoustic speed, β is the thermal coefficient of volume expansion, r 0 is the detector position with respect to the imaging center and p(r 0 , t) is the photoacoustic signals detected at each scanning angle θ 0 .
Structural imaging and lesion detection
The noninvasive transdermal and transcranial image of the superficial layer of the rats' brains in vivo ( Fig. 2a) matched well with an anatomical photograph obtained after imaging (Fig. 2b) . Owing to their different optical absorptions, various soft tissues in the brain were clearly identifiable. A large contrast in optical absorption was visible between blood vessels and the background parenchyma, ranging from 2.3 to 7.9. A rat with a superficial lesion in the right cerebral cortex was also imaged by our PAT system with the skin and skull intact. The position and shape of the lesion were visualized accurately ( Fig. 3a) as determined by comparison to an anatomical photograph (Fig. 3b) . The contrast in optical absorption between the lesion area and the background parenchyma ranged from 1.7 to 5.2. The spatial resolution of our current PAT system was measured at ∼0.2 mm with the line-spread function of a tissue-equivalent phantom. The vessels in the cortical surface that can be visualized by PAT are between 0.04 mm and 0.36 mm in diameter as measured in the photograph, and therefore appear blurry owing to the 0.2-mm resolution of the PAT image. This resolution approaches the diffraction limit of the detected photoacoustic waves, indicating that the resolution of PAT is limited by the bandwidth of the detected photoacoustic signals, rather than by optical diffusion as is the case for pure optical imaging.
Functional imaging of cortex during whisker stimulation
We also used our PAT system to visualize the functional representations of whiskers in the cerebral cortex of rats. During functional imaging of cortical neural activities in response to whisker stimulation, the temperature of the water in the tank was maintained approximately at the body temperature of the rat. Stimulating the left and right whiskers, respectively, we obtained two PAT images of the rat superficial cortex. Subtracting the PAT image without whisker stimulation from the two PAT images with whisker stimulation produced two maps of functions evoked by these stimuli.
We successfully imaged functional cerebral hemodynamic changes in response to whisker stimulation on either side of the rat snout. Vascular patterns in the activated regions (Fig. 4a) matched the imaged distributions of functional signals well (Fig. 4b,c) , indicating that the functional signals detected here by PAT resulted from hemodynamic changes in the large blood vessels in the superficial cortex. The activated regions visualized by PAT are marked on the photograph of the brain cortical surface by two dotted frames (Fig. 4d) . Because the activated region lies in the hemisphere corresponding to opposite-side whisker stimulation, the observed changes in photoacoustic signals are believed to be induced by whisker activity. The rat recovered normally after imaging, and a histological evaluation was then made of its cerebral cortex. The vibrotome sections of cortical layer IV of the specialized region of the rat cerebral cortextermed the whisker-barrel cortex (Fig. 4e) -colocalize well with the activated regions in the functional PAT images.
DISCUSSION
It is widely accepted that increases in neural activity are accompanied by increases in local cerebral blood flow and regional metabolic activity in the homonymous activated region 11, 12, 24 . The PAT system enables us, by noninvasive means, to localize the hemodynamic responses clearly and accurately to neural activities and metabolic increases as a consequence of whisker stimulation. The detected differential optical absorption results from a complex interplay of blood volume, blood flow and oxygen consumption. Because deoxy-and oxyhemoglobin have similar extinction coefficients at 532 nm, the dominant factor that intensifies the photoacoustic signals is believed to be an increase in vascular blood volume (or flow) in the activated region around the whisker-barrel cortex during stimulation. The observed fractional change in optical absorption, ∆A/A, in the large blood vessels within the activated regions was up to 8%. The functional PAT images are characterized 804 VOLUME 21 NUMBER 7 JULY 2003 NATURE BIOTECHNOLOGY by a strong vascular pattern, which is believed to result from an increased inflow of fresh blood 25, 26 . The areas of vascular response are clearly wider than the whisker-barrel cortex regions, as hemodynamic changes propagate through the feeding vessels and even spread to neighboring vessels. This work demonstrated that PAT is a noninvasive means for localizing and quantifying regional brain hemodynamic responses to neural activities through the skin and skull with high optical contrast and high ultrasonic resolution in vivo. As a further demonstration of the ability to image global responses using PAT, we studied the systemic effects of hyperoxia and hypoxia. We obtained a functional image of vascular responses in the rat cerebral cortex to the alteration of inspired gas from 100% O 2 to hypoxic gas (5% O 2 , 5% CO 2 and 90% N 2 ; see Supplementary Fig. 1 online). Our findings indicated that changing from hyperoxia to hypoxia induces a significant increase in cerebral blood volume (or flow), in agreement with previous studies [27] [28] [29] [30] . We have also obtained PAT images of the deep brain in small animals (see Supplementary Fig. 2 online) .
Because the current PAT system involves scanning using a singleelement ultrasonic transducer, its temporal resolution is not high. At each scanning position, photoacoustic signal detection and averaging takes 4 s. For a 2π angular scan with a step size of 1.5°, the image acquisition time is ∼16 min. In future, however, with the use of an ultrasonic transducer array and a laser system with a higher repetition rate, it should be possible to use PAT for real-time imaging.
Because the brain is highly responsive to changes in blood oxygenation, the applications of PAT will be greatly broadened when multiple wavelengths are used to achieve oxygen-dependent imaging with high temporal and spatial resolution [31] [32] [33] . PAT should be able to visualize brain neoplasias and brain metastases from distant organs. In addition, in combination with reporter genes, PAT offers promise for imaging pathologic processes at molecular genetic levels, monitoring the delivery of vectors to specific cells in gene therapy, and visualizing the magnitude and retention of therapeutic gene expression. All of these goals can be accomplished by virtue of the technique's high optical contrast and ultrasonic diffractionlimited spatial resolution. PAT imaging of the human brain, although more difficult, is also feasible.
METHODS
Experimental rats. The brains of adult Sprague-Dawley rats (Charles River Breeding Laboratories, ∼350 g) were imaged by PAT. Before imaging, the hair on each rat's head was removed with hair remover lotion. A dose of 87 mg/kg ketamine plus 13 mg/k xylazine, administered intramuscularly, was used to briefly anesthetize the rats, and supplemental injections of a similar anesthetic mixture (∼10 mg/kg/h) kept the rats motionless throughout the experiment. The mouths and noses of the rats were covered with an aerophore to allow them to breathe in the water. Average thicknesses of the skin and the skull covering the brain were about 0.6 and 0.8 mm, respectively. Laser light penetrated through the skin and the skull (which homogenized the incoming light further by scattering) to the rat brain. After the data acquisition for PAT, rats were killed using pentobarbital (120 mg/kg, administered intraperitoneally (i.p.)). Subsequently, an open-skull anatomical photograph of the brain surface was taken as a control.
Induction of brain lesions. Each rat was deeply anesthetized with pentobarbital (100 mg/kg, i.p.) and the surface of the head was disinfected with alcohol swabs (70% isopropyl alcohol). A sterile, curved (90°angle) syringe needle (22 G × 1 inch) was inserted through the skin and skull bone on the right cortex cerebri to induce a superficial cortical lesion. The rat's brain was imaged immediately by PAT. Then, for comparison, an open-skull photograph of the cerebral cortex was taken. of the snout were deflected simultaneously with a relay driven by a computercontrolled function generator. The whiskers were deflected at 10 Hz with an oscillation amplitude of ∼8 mm at a distance of ∼10 mm from the whisker pad. At each scanning position, whisker stimulation was maintained for 4.5 s and the photoacoustic signal was collected during the 0.5-4.5 s after the start of whisker stimulation.
Histology. Each rat, under anesthesia (100 mg/kg pentobarbital, i.p.), was perfused with buffered 4% formaldehyde via the left heart ventricle, and the brain cortex was isolated and flattened between glass slides to a thickness of 2 mm. The isolated cortex was cut tangentially with a vibrotome to the pia mater at a thickness of 60 µm. Vibrotome sections were collected in a multiwell Costar dish in 0.1 M phosphate-buffered saline, pH 7.4. The cortical barrels 34 in layer IV, found 500 µm below the cortical surface, were photographed with an inverted Olympus microscope at a 40× magnification.
Ethical review of procedures. All experimental animal procedures were performed in conformity with the guidelines of the US National Institutes of Health 35 . The laboratory animal protocol for this work was approved by the ULAC of Texas A&M University, College Station, Texas, USA.
Note: Supplementary information is available on the Nature Biotechnology website.
